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ABSTRACT
Unionoids (freshwater mussels) are important in aquatic ecosystems, yet despite their
continued decline in diversity, little is known about their distribution and ecology. To study
Louisiana mussel species richness, abundance, and distribution I sampled 65 sites within six
major watersheds in the Pine Hill region, Louisiana. Second through sixth order streams were
surveyed for local instream variables, land use, hydrology, and co-occurring fish assemblage. To
evaluate mussel species richness and abundance a structural equation model was created that
suggested two major variables were important: 1) habitat stability, influenced by benthic shear
stress, percent of silt substrate, and stream order and 2) anthropogenic disturbance influenced by
agricultural land use in riparian corridors and water quality.
Mussel species’ distribution in various stream sizes has been associated with hydrologic
disturbance and their obligatory host fishes’ distribution. Few studies have looked at life history
variation between mussel species to help explain their distributions. I contrasted the life history
strategies, behavioral adaptations, and shell functional morphological of nine mussel species
from the Amite River, Louisiana. The set of life history traits demonstrated two distinct groups
of mussels: cosmopolitan species found through range of stream sizes and a set of large river
specialist. The traits associated with cosmopolitan species includes: fast growth rates, early
maturity, use of visual displays for host fish attraction, thin shells, and higher mobility. The traits
of the large river species were: long lived, late to maturity, relatively sessile, none displaying
methods of host attraction, and with thick sculptured shells.
The sampled assemblages of mussels and fishes from the Pine Hill region were used to
develop a Tiered Aquatic Life Unit (TALU) framework. The TALU is an efficient bioassessment
tool, with conservation goals that are based on practical, systematic sampling of stream
vi

attributes. The developed TALU was created from metrics that are sensitive to anthropogenic
disturbance. The model demonstrated to be quite conservative, resulting in only a 4% error rate
in site allocation. Our framework is broadly applicable and easily modified to fit other ecoregions, and should prove useful for resource managers to monitor the health of rivers.

vii

CHAPTER 1
INTRODUCTION
Freshwater mussels of the family Unionoidae are widely distributed throughout North
America and are important components of the biodiversity in many lotic systems. Historically,
there were 297 species of freshwater mussels in North America, but 36 species have gone extinct
and 72% of the remaining species are of conservation concern (Bogan 1993, Williams et al.
1993, Neves et al. 1998, Lydeard et al. 2004, Strayer 2008). The southeastern United States has
91% of North America’s unionid species, and 98% of those species are in danger of population
declines due to watershed development, pollution, and stream habitat changes. Unionid mussels
are ecologically important and serve both structural and functional roles in aquatic systems
(Wallace et al. 1977, Howard and Cuffey 2003, Vaughn et al. 2004, Vaughn and Spooner 2006,
Vaughn et al. 2008). Despite this importance, however, and the alarming loss of mussel
biodiversity, little is known about their distribution and ecology relative to other faunal groups
(Raffaelli et al. 1992, Strayer 2008).
Loss of the diverse unionid bivalve assemblages could significantly impact stream
function (Howard and Cuffey 2003, Vaughn et al. 2008), as mussels often dominate benthic
biomass and strongly influence nutrient cycling (Vaughn et al. 2004). Unionids process the huge
pool of fine particulate organic matter and convert it into forms other macroinvertebrates can
utilize as food resources (Wallace et al. 1977, Vaughn et al. 2004). In addition, freshwater
mussels provide surfaces for periphyton growth, and add benthic structural complexity that
increases the habitat diversity available to other macroinvertebrate taxa (Spooner and Vaughan
2006, Vaughan and Spooner 2006).
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Effective conservation of unionid mussels must begin with a thorough understanding of
the biotic and abiotic factors that control their distribution and ecology. Because unionid mussels
occur in discrete habitats where they risk local extinction, recent research has focused on the
causes of the observed patchy distributions. A number of biotic and /or abiotic factors at different
scales may influence the quality of a patch, and consequently the richness and abundance of the
resident mussel assemblage. Previous studies have focused on single factor models composed of
local, landscape, or community scale variables, usually only at one scale at a time, to explain
mussel distributions (Strayer 2008). Local variables, such as current velocity and substrate
appear relatively unimportant in explaining the distribution and ecology of unionids (Strayer and
Ralley 1993, Strayer 1993, Johnson and Brown 2000, Hardison and Layzer 2001, Strayer 2008),
whereas scouring during floods is much more important (Strayer 1993, Layzer and Madison
1995, DiMaio and Corkum 1995). At the larger reach, or catchment scale, land-use and riparian
zone width influence mussel assemblage composition and abundance, with the richest
assemblages found in areas of minimal human disturbance of the landscape (Arbuckle and
Downing 2002, Poole and Downing 2004, Newton et al. 2008, Brown et al. 2010). Unionid
mussel diversity is also correlated with watershed area (Watters 1992, 1993, Haag and Warren
1998), as well as the underlying geology (Strayer 1983, Vaughn 1997, McRae et al. 2004); both
variables can influence watershed hydrology, discharge of pollutants, and deposition of fine
sediments that have consequences for benthic organisms. The diversity of fishes that serve as
glochidial hosts is also considered another strong predictor of mussel dispersal and diversity
(Haag and Warren 1998, Vaughn and Taylor 2000, Strayer 2008). For example, Watters (1992)
found a strong positive correlation between number of fish and unionid species in the Ohio
River. The host fish community is an important factor in mussel propagation (Newton et al.
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2008, Strayer 2008), and juvenile distributions can be determined by host fish movement
patterns (Newton et al. 2008).
A better understanding of the factors that control unionid distribution and abundance
must involve a multi-factor approach that simultaneously incorporates co-occurring fish
assemblages, local habitat variables, water quality, and riparian land use (Strayer 2008). In
chapter two, I address the group of factors that influence mussel species richness and abundance
in coastal plain rivers in the Pine Hills region in Louisiana. I use a multi-factor approach by
developing a structural equation model (SEM) that integrates local variables, water quality, land
use, hydrology, and the co-occurring fish assemblage. I hypothesize that mussel species richness
and abundance are influenced by a combination of these variables.
There are few studies that have examined the possible roles of life history strategies, and
behavioral and morphological differences as predictors of mussel distribution and diversity. The
life history traits of freshwater mussels may influence their distribution between habitats (large
rivers and small tributaries), and understanding those traits can help explain some of the diversity
and distribution patterns of species in the Pine Hills region. In chapter 3, I assess the role of
mussel life history traits in explaining the species distribution, along with several behavioral and
morphological traits that might be adaptive in certain habitats. I evaluate 1) differential mobility
between species, 2) shell functional morphology and its role in limiting dislodgement during
high flow rates and shear stress, 3) the number of host fishes and attraction methods, and 4)
variation in growth rates and longevity among species. I expect life history tradeoffs between
each of these traits, such as the tradeoff between growth and reproduction (Bauer and Wächtler
1994), and I hypothesize that two sets of traits will be found to maximize fitness in large rivers
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and small tributaries, respectively: 1) A group of species with cosmopolitan distributions
occurring in both the small tributaries and in large rivers that reproduce early, have thin shells
that allow mobility, and exhibit rapid growth. This group will be host specialists and use visual
attraction methods for glochidial infestation. 2) A group of large river specialist species will
have thicker shells with sculpturing that aid in preventing displacement, but in turn have lower
growth rates and less mobility. This group will be host generalists that reproduce later in life, and
do not use visual displays to attract host fishes.
In Chapter 4, I use the results from chapters two and three to create a Tiered Aquatic Life
Unit (TALU) model to aid in the conservation of unionids throughout the Gulf coast region. A
TALU model is a bioassessment tool used to accurately model the impacts of anthropogenic
disturbances on stream quality (EPA 2005). I developed the bioassessment tool by integrating
both the fish and mussel assemblage data, variables that reflect habitat integrity, and water
quality data. The TALU model was developed from six ecoregions along the north-central Gulf
of Mexico coast, but can be modified to fit other ecoregions. The fundamental goal of TALU
models is to set biological and chemical goals for conservation of rivers that are protective, yet
attainable.
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CHAPTER 2
MODELING THE EFFECT OF HABITAT STABILITY ON LOUISIANA
FRESHWATER MUSSELS
Unionid mussels are exceptionally diverse in southeastern North America and are
important components of riverine ecosystems, often dominating benthic biomass and influencing
nutrient cycling and macroinvertebrate diversity (Vaughn et al. 2004, Spooner and Vaughan
2006). Despite the continued decline in unionid biodiversity (Lydeard et al. 2004, Strayer 2008),
most studies attempting to understand factors determining their local ecology have adopted only
single factor approaches (i.e., examing only one type of variable set at a time, Strayer 2008).
Single habitat factors studied have included local or in-stream variables like current velocity and
substratum type that have had relatively limited success in explaining the distribution and
ecology of unionids (Strayer 2008). Other studies conducted at the larger reach, or catchment
scale, have indicated riparian land use influences mussel assemblage composition, with mussel
diversity inversely related to levels of human disturbance (Arbuckle and Downing 2002, Newton
et al. 2008, Brown et al. 2010). Additional variable sets that have been studied include watershed
area and geology (Strayer 1983, Arbuckle and Downing 2002, McRae et al. 2004), dewatering
during droughts or scouring during floods (Layzer and Madison 1995, DiMaio and Corkum
1995), and the diversity and movement patterns of host fishes (Watters 1992, Haag and Warren
1998, Vaughn and Taylor 2000, Strayer 2008).
A better understanding of what controls unionid distribution and abundance depends on a
multi-factor approach simultaneously incorporating co-occurring fish assemblages, local habitat
variables, water quality, and riparian land use (Strayer 2008). Here I address the group of factors
that influence mussel species richness and abundance in coastal plain rivers in the Pine Hills
region in Louisiana. The approach I use is a structural equation model (SEM) that evaluates a
5

network of independent variable covariances and stipulates causal pathways with the dependent
variables (Grace 2006). I develop an a priori SEM model that hypothesizes that mussel species
richness and abundance are influenced by a combination of local variables, water quality, land
use/ cover, hydrology, and the co-occurring fish assemblage. I then use our sampling data to
develop a more realistic SEM model. Results of the model will improve resource manager
abilities to identify areas of high conservation value for mussels from an improved understanding
the variables that structure unionid mussel assemblages.

Methods
I sampled sites along a continuum of 2nd through 6th order rivers within the Pine Hills
region, Louisiana, collaborating with Dr. W. Kelso in the School of Renewable Natural
Resources (SRNR) at LSU, who was independently sampling fish assemblages and habitat
descriptors along the same gradient of river sizes. All 65 sites were in the upland terrace
geological formation north of Lake Ponchartrain (Fig. 1), and included six of the major
watersheds within the region (Pearl River, Bogue Chitto River, Tangipahoa River, Tickfaw
River, Tchefuncte River, and Amite River) in two drainage basins (Ponchartrain and Pearl). Sites
with dissolved oxygen levels below 2 mg/l or high salinities (i.e., the lower Pearl River near the
confluence with the Gulf of Mexico) near coastal bays were not sampled. Data collected at a
sampling site included unionid mussel diversity and abundance, fish assemblage diversity and
relative abundance (performed by the SRNR), and habitat descriptors as delineated in United
States Environmental Protection Agency (EPA) rapid assessment procedures (Barbour et al.
1999). Numerous habitat and biotic descriptors where evaluated to be a part of the SEM
framework, but I only present detailed measurement methods for variables considered important
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in the final SEM model. Sites were grouped by stream order for data analysis (2nd order N = 5,
3rd order N = 15, 4th order N=17, 5th order N = 20, 6th order N = 8).

Figure 1. Sampling sites in Pine Hills region of southeastern Louisiana, with black circles
representing sampling locations (n = 65). Data collected at a sampling site included unionid
mussel diversity and abundance, fish assemblage diversity and relative abundance, and instream
habitat descriptors.

Data Collection
Mussels were collected by semi-quantitative time limited searches following Strayer and
Smith (2003). Semi-quantitative sampling underestimates the abundance of species with small
shells or those buried in the substratum, but is the most efficient method for finding rare species
(Strayer and Smith 2003). Two snorkelers spent 45 minutes each at a site searching a 300-m
7

long reach in areas less than 2m depth. Earlier work (Brown and Banks 2001) indicated mussels
were more common in relatively protected littoral habitats than in mid-channel sites with high
flow and gravel substrates. All mussels were identified in the field and then returned to the
substrate.

Local Variables
At each sampling site, I visually estimated percent cover of silt (<0.0625 mm), sand
(0.0625 – 2 mm), and gravel (2-64 mm) sediments at each end and in the middle of the 300-m
reach (Barbour et al. 1999; Farris and Van Hassel 2007). Benthic shear stress was estimated with
the Logarithmic-profile method (Westenbroek 2006). An YSI model 85 probe was used to
measure dissolved oxygen (mg/l) and temperature (°C) at mid-depth in the middle of the stream
at the downstream end of each sampling transect. In addition, I used a published stream
assessment derived from LDEQ’s 303(d) list to assess pollution sources, bank erosion condition,
channel alteration, and sinuosity by for each sampled transect (LDEQ 2008). The LDEQ data
was presented as a pass or fail for each transect.

Land Use Variables
I used a geographic information system (ArcGIS version 9.2 Redlands, CA:
Environmental Systems Research Institute) , with a to determine land-use/cover along a 200 m
wide x 1 km riparian zone adjacent to each study reach based off work done by Brown (et al.,
2010). Land use coverages were obtained from the Louisiana statewide GIS database (1998,
http://atlas.lsu.edu/) and National Land Cover datasets (NLCD 2001), at a scale of the 1:100,000
with 30-meter resolution. I pooled Anderson II level land use categories (Anderson et al. 1976),
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into wetland forest (e.g., wetland forest deciduous, wetland forest evergreen, and wetland forest
mixed), upland forest, total forest, agriculture, urban, barren, wetland short shrubs, and upland
short shrubs. I updated land use data by overlaying them with 2005 aerial photographs (1:65,000
scale) at each site (La Coast 2006) and using the resulting polygon coverage to calculate land use
percentages.

Fish Assemblages
Fish sampling occurred along the same 300-meter stretch sampled for mussels, but
sampling methods varied with the size of the stream. Following placement of block nets to limit
fish escape, wadeable streams (2nd through some 3rd order streams) were sampled first with a
single pass of a seine, and then the entire reach was sampled simultaneously with two DC
backpack electrofishing units for 900-1000s (Smith-Root model 15). Deeper, but still wadeable
streams (4th order streams) were sampled within block nets with a barge-mounted DC
electrofishing unit and a crew of two persons handling probes and two netters for 900-1000s.
Large, non-wadeable rivers (5th- 6th order streams) were sampled with a DC electrofishing boat
for 900s, emphasizing fish habitat along banks, which was where most of the mussels were
found. All fish were identified and returned to the stream. Data from each site were used to
calculate fish species richness, total number of individuals (TNI), and species richness of
potential fish hosts (Appendix 1) determined from the literature (Oesch 1995, Howells et al.
1996, Keller and Ruessler 1997, Hove et al. 2011, Daniel and Brown 2012), and Watters’ (2009)
Ohio State mussel host database (http://www.biosci.ohiostate.edu/~molluscs/OSUM2/terms_hosts2.html). Of the 29 species of unionids sampled in this
study,: Anodontoides radiatus (Conrad, 1834), Lampsilis s. hydiana (Lea 1838), Plectomerus
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dombeyanus (Valenciennes, 1827), Quadrula apiculata (Conrad 1834), and Toxolasmus
texasensis (Lea 1857) had no recognized host fishes. However, recognized host fishes for three
of these genera were present at these sites, and the list of recognized host fishes accounted for as
much as 82% of fish species sampled at a site.

Statistical Analysis and Modeling
Principle Components Analysis (PCA, CANOCO® for Windows 4.5) was used to select
the most important independent variables associated with unionid abundance and species
richness. All physical habitat descriptors, land use, and all fish data were included in the initial
PCA, which yielded two components that together accounted for 82% of the variability in the
dataset. Variables associated with multicollinearity were removed from the analysis. Variables
with loadings > 0.1 on the 1st and 2nd principle components, were retained for further analyses
and included percent of riparian zone in forest, percent in agricultural use, percent of the reach
in silt substratum, stream order, shear stress, number of potential host fishes, LDEQ water
quality designation, dissolved oxygen, and total number of fishes.
I next applied the Spatial Analysis procedure in Macroecology (SAM Version 4.0,
Rangel et al. 2010) to the reduced set of independent variables to detect spatial autocorrelation
among sites and variables, since multiple sites in some cases were from a single stream. The
spatial structure of the dataset was investigated by Moran’s I allowing the computation of
autocorrelation coefficients based on spatial distances. The SAM procedure uses GPS coordinate
information and values of independent variables retained to assess the independence of the site
from others. The SAM procedure reduced the degrees of freedom from 65 to 58.
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To provide a detailed, holistic model of the factors determining mussel species richness
and abundance, I used structural equation modeling (SEM, Grace 2006), which models complex
multivariate relationships between independent variables (e.g., landscape, local habitat, fish
community, and hydrological factors) and mussel species richness and abundance. The SEM
tests a priori predictions of the important independent parameters by using an empirical estimate
of the importance of each variable to test whether the a priori model sufficiently accounts for
actual casual pathways. The SEM uses linear relationships between independent variables to
suggest a causal pathway, including any direct and indirect effects explaining variation in the
dependent variable. SEM thus tests causal hypotheses among both manifest (i.e., original,
measured variables) and latent (i.e., unmeasured variables combined from the measured
variables) variables (Grace 2006). The groupings of manifest variables into latent variables helps
explain more variation than the measured variables alone.
All SEM analyses were conducted with AMOS (SPSS 5.0, 2003), with maximum
likelihood estimation of model parameters based on covariance matrices. The a priori SEM
model of mussel richness and abundance predictors was developed based on the published
literature and independent variable retained from the PCA data reduction step, and represents our
hypotheses on the direct and indirect influence of landscape variables, host fish assemblages and
the latent variable habitat stability on lotic mussel assemblages (Fig. 2). This initial model was
used as a starting point, and a number of variations of the model were tested, the final model
being selected based on goodness of fit indices including a Chi-square (Χ2) statistic (good fit is
indicated if by a large P-value), Χ2 divided by degrees of freedom (goodness of fit indicated by a
value close to 1), and root mean square error of approximation (RMSEA; poor fit indicated by a
value > 0.1).
11

Results
Streams above 3rd order in the 6 major watersheds all supported mussels, and collections
yielded a total of 29 unionid species and 2,768 individuals. Juvenile mussels (< 30mm) were also
found in all 3rd order and above stream, but were more common in large river sites (5th- 6th
order).
The final SEM provided a better fit than the a priori model (X2 = 21.267, P = 0.019; Χ2/
d.f.= 2.3; RMSEA = 0.09) and included one manifest and two latent variables that reflected the
stability of a site and impacts from anthropogenic disturbance (Fig. 3). The model explained
84.1% of mussel species richness and 47.9% of mussel abundance. All variables in the SEM
(except agricultural land use) had significant regression weights (< 0.001), with highly
significant goodness of fit (X2 = 14.73, P = 0.54; Χ2/ d.f. = 0.9207; RMSEA = 0.001).
Standard deviations and inter-correlations of the six manifest and two latent variables
(Figure 3) indicated that three manifest variables were associated with the stability of a site:
shear stress (negative relationship with habitat stability), and stream order and percent of
substratum covered in silt (positive association with habitat stability). These three manifest
variables were highly correlated (silt 0.709, shear stress -0.368, stream order 0.764), and the
combined latent variable, stability, had a standardized regression weight of 0.769 with species
richness, and 0.702 with total mussel abundance.
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Figure 2. The a priori SEM model of mussel richness and abundance developed from a literature
review of influence of landscape variables, host fish assemblage, and the latent variable of local
stability (arrows pointing backward do not suggest cause, but original variables associated with
the latent variable). Land uses refer to proportion of riparian zone covered. Variables acronyms:
number of host fish species (host fish), total number of individuals (T.N.I.), percent agricultural
land use in the riparian zone (agriculture), percent forest land use (forest), and dissolved oxygen
(D.O.). The a priori model was a poor fit to the data set (X2 = 21.267, P = 0.019; Χ2/ d.f.= 2.3;
RMSEA = 0.09).
The second latent variable, anthropogenic disturbance was positively correlated with the
amount of agricultural land use in the 100 m x 1 Km riparian corridor, and the 303 d water
quality impairment index classification (LDEQ 2008). This latent variable yielded a negative
correlation with mussel species richness and small positive correlation with abundance, with
standardized regression weights of -0.184 and 0.014, respectively. The direct effect of the
anthropogenic disturbance latent variable on site stability was also strongly negative, -0.753.
13

Host fish availability was retained in the model, even though it explained only a small
portion of the variance in mussel species richness and abundance, because it is important
variable influencing mussel ecology. The number of potential fish host species had a small, but
negative relationship with both mussel diversity and abundance (Fig. 3). The lack of a strong
relationship between host fish and mussel diversity suggested by the model is corroborated by
fish diversity was high in all stream orders, while mussels were common only in higher order
rivers (Fig. 4).

Discussion
The structural equation model suggested that mussel species richness and abundance
were highest in larger rivers with stable habitat patches as evidenced by substrate characteristics.
Most of the sampled mussels (76%) occurred within lower downstream sections of watersheds
(i.e., at higher stream orders), similar to many previous studies (Sepkoski and Rex 1974, Haag
and Warren 1998, Gagnon et al. 2006). In this paper, stability refers to habitat or sediment
stability. Sites with lower shear stress, like the riparian backwaters along higher order rivers, are
less likely to have juvenile or even adult mussels washed away. The stability of a large river site
can thus be described in terms of sediment transport, frequency of hydrologic events, and the
amount and types of anthropogenic land use. Of the three, hydrologic disturbance seems to be
the most important abiotic factor determining mussel species richness and abundance in these
rivers. Zigler et al. (2008) also suggested that intermittent droughts and floods were important
in structuring communities of freshwater mussels, and Strayer (1999) and Allen and Vaughn
(2010) also suggested high flows and substrate instability limited mussel species richness and
abundances. Increased agricultural development could negatively affect sediment and habitat
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stability by increasing runoff and sediment erosion, increasing non-point source pollution, or by
reducing the size of the riparian buffer. Therefore, although hydrologic modification is likely the
most important factor, mussels are synergistically affected by the combined influence of these
variables suggesting action to address any one is likely to be mediated by the other factors.

Figure 3. Final structural equation model for mussel species richness and abundance, with two
latent variables (circles) and one manifest variable (square). Arrows represent causal path with
standardized regression weights. Arrows pointing back from latent variables again point to
original variables that influence the latent variable. Numbers next to boxes represent
standardized squared multiple correlations of the variable. Total variation explained by the
model for mussel species richness was 0.841, and for abundance 0.479. Variables acronyms:
number of host fish species (host fish), Louisiana Department of Environmental quality 303 d list
(303d list.), percent agricultural land use in the riparian zone (agriculture), and percent silt
substrate (% silt).
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Figure 4. Average abundances of fishes (+ SE) and mussels (+ SE) plotted against river order as
surveyed in the Pine Hills region, LA. The fish demonstrated to be abundant across all stream
orders, while the mussels are abundant only in the lower watersheds.

In Louisiana there are two distinct hydrologic periods: low flows prevail from June to
October, whereas higher flows are often encountered from November through May (Hupp 2000).
During low flow periods, 1st and 2nd order streams often dry for weeks at a time (Wright and
Ensminger 2004), and mussels deal with low flow by burying in the sediment or using
remaining pools as refugia (Golliday et al. 2004). However, most taxa are sensitive to resulting
low DO and high water temperatures in the pools during these periods (Bartsch et al. 2000,
Golliday et al. 2004, Haag and Warren 2008). The lack of mussel diversity in small streams may
16

thus be due to these frequent drying events that cause physiological stress and mortality
(Golliday et al. 2004, Haag and Warren 2008).
Larger rivers yield more consistent flows, and although they also have higher peak flows
(Leopold et al. 1964), most of these larger rivers contain backwaters and side pools that provide
mussel refugia (Morales et al. 2006). Higher current velocities and shear stress associated with
spates are important factors that strongly influence mussel assemblages (Golladay et al. 2004,
Gagnon et al. 2006). Strayer (1983) also found that lower basin watersheds had higher mussel
diversity, and attributed it to the stability of water flow and reduced risk of flooding. The larger
stream order sites in Louisiana (referred to as bayous) have more extensive riparian wetlands that
ameliorate the effects of frequent floods, and thus promote habitat stability (Allan and Flecker
1993, Gagnon et al. 2006). Strayer (1999) found similar results in New York, with flow refugia
exhibiting a positive association with mussel density.
Higher stream order sites also had larger amounts of silt substrate than lower order sites
because of lower shear stress (Peterson 1999), which is important as juvenile mussels will not
settle in areas with active transport of materials > 0.25mm (Morales et al. 2006). Fine sediments
in these systems may reflect the effect of reduced shear stress, but may also be beneficial to
mussels by increasing the ease of movement relative to sand or gravel substrata. Allen and
Vaughn (2010) also found a negative relationship between shear stress and mussel species
richness and abundance, and a positive relationship with substrate stability. Our results also
suggest that the habitat stability associated with fine sediments is more important than the
potential trade off of burial by sediment accretion.
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Unlike in the Amite River, LA, where urbanization of the riparian corridor was important
in determining site quality for the endangered heelsplitter mussel Potamilus inflatus (Brown et
al. 2010), riparian urbanization was not included in the final model for these streams. Although
our study sites had little apparent riparian agricultural or urban impacts, it was still important to
include anthropogenic disturbance in the model as it had a large negative correlation with site
stability, provided a better overall fit than when excluded, and was supported in the literature.
Our model is somewhat different from models developed from mid-western United
States streams (Layzer and Madison 1995, McRae et al. 2004, Strayer 2008), which often have
mussel beds in riffles with high current velocities and little fine sediment (Layzer and Madison
1995). In southern Louisiana streams, riffles are rare, and gravel occurs only in smaller streams
or in the thalweg of larger streams. However, the unifying theme among these studies is still
likely related to habitat stability. In mid-western streams, fine sediments are associated with
degraded sites with high sedimentation rates (Strayer 1983, McRae et al. 2004, Newton et al.
2008), whereas in southeastern Louisiana, backwaters in higher order streams have reduced
hydrological disturbance, and with lower average shear stress, although they do accumulate fine
sediments.
Previous research (Watters 1992, Haag and Warren 1998, Vaughn and Taylor 2000,
Strayer 2008) emphasized the importance of host fish diversity and abundance to unionid
diversity and distribution. Our data suggest that mussel and host fish diversity are not highly
correlated with each other, and that fishes in these systems have a more cosmopolitan
distribution, with the highest diversity in small stream order sites. Because host fishes occur
throughout the watershed but freshwater mussels do not, other factors apparently limit mussel
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distribution. This conclusion is contrary to our original hypothesis (Fig. 2), i.e., that an increase
in fish species richness or abundance would be reflected in the mussel assemblage. It is likely
that given their mobility, host fishes are much more resilient to the effects of flow disruptions,
whereas mussels are limited to areas of infrequent flooding and high flow velocities. Under such
a scenario, mussel larvae may still be distributed more evenly across river orders by host fish, but
only survive to adult stages in larger, more stable streams.
In summary, our model, suggests that disturbance may be the major abiotic factor
structuring mussel species richness and abundance in the Pine Hills region of Louisiana. Results
suggest that local and landscape variables related to stability could both play important roles in
determining habitat quality and mussel species richness and abundance in southern Louisiana.
Mussels have high microhabitat overlap (Strayer 2008), and substratum and habitat stability
during spates may thus play a greater role in determining assemblage diversity than microhabitat
factors. Effective mussel conservation may thus require a landscape level approach, as habitat
stability is determined by hydrologic flow patterns, availability of flow refugia, and relatively
pristine riparian buffer zones.
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CHAPTER 3
THE ROLE OF LIFE HISTORY AND BEHAVIOR IN DETERMINING
LOUISIANA MUSSEL DISTRIBUTIONS
Recent research has suggested that the distribution of freshwater mussel species is tied to
complex hydrologic variables (Layzer and Madison 1995, Zigler et al. 2008) and host fish
distribution (Haag and Warren 1998, Vaughn and Taylor 2000, Strayer 2008). Hydrologic
variables such as shear stress in particular are important in structuring mussel assemblages
(Hardison and Layzer 2001), as well as extreme hydrologic events like floods and droughts
(Zigler et al. 2008). For example, Howard and Cuffey (2003) reported that mussel assemblages
in California streams inhabited patches with low shear stress and flow velocities, minimizing
disturbance from the highest flows.
However, as discussed in chapter one, in the Pine Hills region of Louisiana, most of the
host fishes occur in all stream order sites in relatively high abundances, whereas most of the
unionids are found in streams larger than 3rd order. In these southeastern Louisiana streams,
mussel species richness and abundance increased downstream, and was associated with less
benthic shear stress, few hydrologic disturbances, and prolonged habitat stability. However, I
did find mussels in the small stream order sites (tributaries), which the model suggested were
sub-optimal for unionids. This led me to consider whether specific life history or behavioral
traits might explain how these mussels persisted in less optimal habitat.
Few studies have examined the roles of life history strategies and behavioral and
morphological differences in predicting mussel distributions between small tributaries and large
rivers. For example, Haag and Warren (1998) proposed that mussels with visual displays (like
mantel flaps) were more likely to occur in the less turbid water of small streams, whereas
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mussels tended to be host generalists or non-displaying specialists in high order streams. Watters
(1994) hypothesized that shell morphology could also help explain unionid mussel distributions.
Species with thick, heavy, sculptured shells (pustules, ridges, and bumps) were hypothesized to
be better suited for high flow habitats, where the shell morphology acted as anchors to prevent
dislodgement. Conversely, species in soft sediments were predicted to have thin shells with
increased surface area to spread weight over a larger area and keep mussels from being buried.
This study was designed to evaluate the role of mussel life history traits in explaining the
species distribution, along with several behavioral traits and morphological traits that might be
adaptive in certain habitats. I evaluated: 1) differential mobility between species, 2) shell
functional morphology and its role in limiting dislodgement from high flow rates and shear
stress, 3) number of host fishes and attraction methods, along with 4) variation in growth rates
and longevity among species. I expected to see life history tradeoffs between each of these tested
traits, such as the tradeoff between growth and shell thickness or lowered rates of reproduction
(Bauer and Wächtler 1994).
I contrasted life history strategies, behavioral adaptations, and shell functional morphology of
nine species (Fig. 1) from the Amite River, LA.: Amblema plicata (Say 1817), Glebula rotundata
(Lamarck 1819), Lampsilis s. claibornensis (Lea 1838), Lampsilis teres (Rafinesque 1819),
Obliquaria reflexa (Rafinesque 1820), Plectomerus dombeyanus (Valenciennes 1827), Potamilus
purpuratus (Lamarck 1819), Quadrula refulgens (Lea 1868), and Villosa lienosa (Conrad 1834)
(Fig. 5). Leptodea fragilis (Rafinesque 1820) and Potamilus inflatus (Lea 1831) were also used
for comparisons of growth rates and longevity.
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Figure 5. Unionid mussels used in life history, behavior, and morphology studies. Potamilus
inflatus (A), Potamilus purpuratus (B), Lampsilis teres (C), Leptodea fragilis (D), Villosa
lienosa (E), Lampsilis s. claibornensis (F), Glebula rotundata (G), Plectomerus dombeyanus (H),
Amblema plicata (I), Quadrula refulgens (J), and Obliquaria reflexa (K).
I hypothesize that two differing sets of traits will occur in large rivers versus small
tributaries. Species occurring in both small tributaries and in large rivers should reproduce early,
have thin shells that allow greater levels of mobility, and have rapid growth. This group is
predicted to be composed of host specialists and use complex attraction methods for glochidial
infestation, as suggested by Haag and Warren (1998). A second group of large river specialist
species are predicted to have thicker shells with sculpturing that aids in preventing erosion of
surrounding sediments, but will have lower growth rates and less mobility due to their thick and
ornamented shells. This group is predicted to be composed of host generalists (Haag and Warren
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1998) that reproduce later because of the energy necessary to secrete a thick shell, and will not
use visual displays to attract host fishes in more turbid higher order rivers in Louisiana.

Methods

Distribution of Species
I selected a set of sites along a continuum of 2nd through 6th river orders in the Pine Hills
region of Louisiana. All 65 sites were part of the upland terrace geological formation north of
Lake Ponchartrain, and included six of the major watersheds within the ecoregion (Pearl River,
Bogue Chitto River, Tangipahoa River, Tickfaw River, Tchefuncte River, and Amite River)
within two major drainage basins (Ponchartrain and Pearl). Sites with extremely low dissolved
oxygen levels (below 2mg/l) or high salinities near coastal bays were not sampled. Mussel and
fish sampling methods are detailed in Chapter 2. Mussels were collected with semi-quantitative
sampling, or time limited searches because it is the most time efficient (e.g., in comparison to
quantitative or quadrat sampling) method of finding rare species (Strayer and Smith 2003, and
Smith 2006). All mussels were identified and measured in the field with individuals from a
subset of the species kept for laboratory experiments. All dead shells collected from the Amite
River were retained for the ageing survey. Mussel distributions were compared to those of their
potential host fishes across the range of stream orders.

Movement Experiment
One way in which mussels might adapt to varying water levels occurring in rivers
because of spates or dry periods would be to have high rates of movement. To test for differences
in movement rates of the nine mussel species, a laboratory experiment was performed in a
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rectangular tank with unidirectional flow. A 3,029 liter tank with a 2.43 m long section
representing riffle (0.21 m deep), pool (0.61 m deep), and glide (0.41 m deep) habitat, with water
circulated through the tanks at 22 L per minute with pond pumps at the Department of
Renewable Natural Resources was converted for housing mussels by adding 17 cm of sand
substrate to the riffle portion of the tank. A 5 x 5 cm grid system was created along the 50 cm
width and 240 cm length of the riffle section. Each mussel was marked with a Dremel ® tool
and/or bee tag (Opalithplättchen, Inc.). Eight mussels per trial were placed unburied along the
length of the tank on their left or right valve (orientation of valve was altered between each
replicate), with their dorsal side facing upstream and initial grid location recorded. Water flow
was maintained at 0.05 m/s throughout the experiment. The mussels were left in the dark and
allowed to move over a 24 hour period. The movement of each mussel was approximated by
recording the final location and calculating a linear, minimal distance moved between the two
points with the quadratic equation. Although each mussel was only used once in the experiment,
several individuals were used for each species: A. plicata (n =28), G. rotundata (n =15), L.
claibornensis (n =15), L. teres (n =14), O. reflexa (n =15), P. dombeyanus (n =15), P.
purpuratus (n =26), Q. refulgens (n =15), and V. lienosa (n =16). Significant differences in
movement among species were compared with a Kruskal-Wallis non-parametric one way
analysis of variance (SAS Inc. 2005).

Movement in Response to Lowering Water
Another way mussels could survive variation in water level would be to be able to keep
up with declining water levels during dry periods. To test if unionids differentially move in
response to receding water, I used an 81 liter tank with a 4 ° slope filled with 12 cm of sand
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along its bottom to simulate a sandy bank. The tank allowed removal of water over a four day
period to expose mussels to air at the shallow end. The shallow end had a water depth of 34 mm
and the opposite end was 250 mm deep. Four individuals were placed at half their shell depth at
intervals of 10 cm in the sediment of the shallow end, with their dorsal side facing the pool. A
379 lh-1 pump provided circulation in the pool end. The unionids were allowed 24 hours to settle
into the sediment before water was removed. Each day, 2 liters of water were removed, lowering
the water edge by 9 mm. Each day, individual mussel movements were measured from their
initial location, for the 4 intervals of the experiment, providing data at water levels that were 9,
18, 27, and 36 mm below the initial level. A control was conducted with all the same procedures
except no water was removed. Each mussel was only used once in the experiment, and ten
replicates were conducted for each species, along with 5 replicates for the control. Significance
between species and time intervals was compared with a repeated measures ANOVA (SAS Inc.
2005). Significance between control and test experiments was conducted on the individual
species with a t-test, but not accumulated for the model (SAS Inc. 2005).

Shell Functional Morphology
A flume experiment was designed to test if shell sculpturing reduced erosion of the
sediment around the exposed portions of the shell. The thick, ornamented-shell species such as
Q. refulgens, P. purpuratus, O. reflexa, A. plicata, and P. dombeyanus have a variety of
sculptures like undulating ribs, pustules, or dorsal ridges, that are absent in the thin shelled, nonsculptured species V. lienosa, L. teres, and L. claibornensis. The flume had a 985 lh-1 pump
channeling water through two replicate flumes each 122 cm long and 21 cm deep. The current
velocity (m/s) was controlled by a series of ball valves and was measured with a flow meter (Flo-
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mate model 2000, Marsh-McBirney Inc.). Sand substrate was used for all experiments. Because
of the limited depth of the flume, small sub-adults were used in the experiment. A single mussel
was placed 63.5 cm away from the output ball valve in each flume. The mussels were allowed
two hours in the dark to acclimate. At the start of the experiment, the width, length, and height
(total volume mm3) of the exposed shell (visible above the substrate) were recorded both with
caliper measurements and photo documentation. . Flow (0.15 m/s) was maintained for 30
minutes, after which the exposed area of each mussel was re-measured and photographed to
determine the change in exposure. Initial tests included higher flow rates (0.20 m/s and 0.25
m/s), but were discontinued because many individuals were totally dislodged from the sediment.
Current velocity was recorded at the upstream side of each mussel. Fifteen replicates per species
were completed, and each mussel was only used once in the experiment. Tests of significance
among species were conducted with an ANOVA and Tukeys a posteriori tests (SAS Institute
Inc. 2005).

Growth Rates and Longevity
Mussel growth rates and population age distributions were determined by a thin shell
section technique that allows the annuli to be counted to estimate mussel age (Neves and Moyer
1988, Rypel et al. 2008, Haag and Commens-Carson 2008). Dead mussel shells collected from
the Amite River, LA were measured for length (mm), width (mm), height (mm), and weight (g)
before being cut with a slow- speed, diamond wheel saw (South Bay Technology Inc., model
650). Each species’ shell thickness was estimated from a mass to length ratio estimated from the
thin sectioned individuals. A 6” diamond cutting wheel was used to section through the umbo
and provide a cross section of the shell. The sectioned valve was then sanded smooth with four
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grades of sand paper (320, 600, 800, and 1500 grit) and was attached to a slide with clear epoxy.
The valve on the slide was then sectioned with the same saw equipped with a wafer chuck and
arm set-up. The thin section slide was re-sanded and aged with the aid of a dissecting scope
(Leica MZ75). The number of aged individuals ranged from 66-99 per species: A. plicata (n
=77), G. rotundata (n =69), L. claibornensis (n =70), L. teres (n=66), L. fragilis (n =68), O.
reflexa (n =89), P. dombeyanus (n =99), P. inflatus (n =76), P. purpuratus (n =76), Q. refulgens
(n =68), and V. lienosa (n =89). By sectioning individuals of differing shell lengths, a growth
curve can be plotted that permits estimation of growth rates and longevity.
Although there has been debate about whether “annuli” represent annual growth or reflect
reduced growth due to disturbances (Neves and Moyer 1988, Rypel et al. 2008), Hagg and
Commens-Carson (2008) presented convincing evidence that mussels lay down annual growth
lines. The von Bertalanffy growth function (VBGF) was used to model the age to length
relationship of the mussels, L(t) = L∞ - (1 -exp(-k(t-t0))) (Ricker 1958, Bartoo and Parker 1983).
The variables are: t (time, year of age), t0 (t zero, y-axis intercept), L∞ (L infinity), the maximum
theoretical length reached, and k, a growth rate constant with units of reciprocal time (e.g. year1

). The VBGF equation was used to plot growth against age for each species. In some cases, a

logarithmic curve was also used in model age verse length to estimate alpha (age of maturity).
Logarithmic curves were used rather than the VBGF in some cases to force the curve to pass
through the origin because the VBGF curve’s t0 is hypothetical, and the age at a shell length of
zero could be negative. Alpha can be estimated from the inflection points of the curves
(Appendix 2 A-D), because growth for unionids is rapid prior to sexual maturity and decreases
abruptly thereafter (Thorp and Covich 1991, Bauer and Wächtler 1994). Age of maturity was
estimated from the point where a 45o tangent intersected the log curve.
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Host Fishes
Potential host fishes for the nine species were determined from recent literature (Oesch
1995, Howells et al. 1996, Keller and Ruessler 1997, Hove et al. 2011, Daniel and Brown 2012)
and Watters’ (2009) Ohio State mussel host database (http://www.biosci.ohiostate.edu/~molluscs/OSUM2/terms_hosts2.html). The attraction method for each species was
determined from Watters’ (1994) descriptions and this author’s expertise.

Synthesis of Life History, Behavior, and Morphology
Principal Components Analysis (PCA) was used to explore variation among the nine
species in life history and behavioral variables. The PCA ordination was constructed with a
correlation matrix in the Canonical Community Ordination (CANOCO) statistical program
(Version 3.1 Microcomputer Power, Ithaca, NY). The goal of the ordination was to see if the life
history measurements and behaviors would group species into ecologically meaningful groups,
something that would be difficult with a univariate analyses for each variable. The data used
included averages for each species for each morphological, behavioral, and life history
parameter. I interpreted variables with correlations over 0.35 as having significant association
with the components.

Results
Third to 6th order streams in the 6 southeastern Louisiana watersheds yielded a total of
2,768 mussels comprising 29 species. Unionid mussels were not found in 2nd order or smaller
streams, evidently because they dry frequently (see chapter 1). Mussel distributions had a distinct
longitudinal pattern, with mussel species falling into two groups, either cosmopolitan (e.g. wide
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spread) species, or large river specialists (Fig. 6). The cosmopolitan mussels occurred across the
whole gradient of stream sizes and included Lampsilis teres (sampled at 46% of the sites),
Lampsilis s. claibornensis (sampled at 45% of the sites) and Villosa lienosa, sampled at 71% of
the sites. The large river species (5th and 6th order) included Amblema plicata, Glebula rotundata,
Obliquaria reflexa, Plectomerus dombeyanus, Potamilus purpuratus, and Quadrula refulgens.

Figure 6. The distribution and percent of assemblage of cosmopolitan and large river species (A.
plicata, G. rotundata, L. claibornensis, L. teres, L. fragilis, O. reflexa, P. dombeyanus, P.
inflatus, P. purpuratus, Q. refulgens, and V. lienosa) from the surveyed 3rd through 6th order
streams in the Pine Hills region of Louisiana (n=65). Black histograms represent the
cosmopolitan species of mussel found in all sampled stream orders. Grey histograms represent
the large river specialist species found only in lower watersheds.
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Movement Experiment
The Kruskal-Wallis non-parametric analysis of variance suggested that movement rates
differed among the species (Χ2=38.5, P < 0.0001, Fig. 7). Because few a posteriori tests are
available for non-parametric statistics, I tested for differences among individual species based on
overlap of the two times standard error (Cummings et al. 2007). Two of the cosmopolitan
species, V. lienosa, L. claibornensis, and a large river specialist P. purpuratus, moved the
furthest. However, movements of the other cosmopolitan species, L. teres, did not differ from the
low levels of movement exhibited by the large river species.

Figure 7. General movement of the nine mussel species (+ 2SE) in a large rectangular tank with
unidirectional flow over 24 hour period (n=14-28). Letters next to bars represents non-over
lapping standard error bars.
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Movement in Response to Water Level
Responses to lowering water levels differed significantly between species, and water
removal treatments (Fig. 8). The treatment, time, and time * treatment effects were significant in
the repeated measures analysis of variance (F8, 81=7.8, P < 0.0001; time, F8, 81=22.7 P < 0.0001;
treatment x time, F8, 81=2.7 P = 0.002). At the smallest water drop (9mm), there was no
significant difference in movement rates among any species. At the second increment (18 mm),
L. claibornensis and V. lienosa moved deeper than G. rotundata, P. dombeyanus, Q. refulgens,
A. plicata, and O. reflexa. At the third increment (27 mm), L. claibornensis moved deeper
compared to all species, V. lienosa moved deeper than the same group of large river species as in
the 2nd increment, and L. teres moved deeper than Q. refulgens, A. plicata, and O. reflexa. At the
final increment (36 mm), L. claibornensis moved deeper than all species. V. lienosa and L. teres
moved deeper than G. rotundata, P. dombeyanus, Q. refulgens, A. plicata, and O.reflexa, and P.
purpuratus moved deeper than O.reflexa.
In general, the cosmopolitan species (L. claibornensis, L. teres, and V. lienosa) as well as
P. purpuratus moved deeper in response to the lowering water than the five other large river
species. Instead of moving to deeper parts of the tank, Q. refulgens, A. plicata, and O. reflexa
responded to lowering water levels by burying in the sediment.

Shell Functional Morphology
Percent of the shell exposed (Fig. 9) differed significantly among species (F8,126 = 38.5, P
< 0.0001, Fig 5.) With the exception of P. purpuratus, the large river species group (A. plicata,
G. rotundata, P. dombeyanus, and Q. refulgens) retained more sand around the shell under flow
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than the cosmopolitan species, although sand displacement did not differ between the large-river
O. reflexa and the cosmopolitan species L. claibornensis.

Figure 8. Movement of nine mussel species (+ SE) in response to lowering water level (n=10).
Four increments correspond to the measure of the lowering water level in the tank. At increment
(36mm) any unmoved individual at shallow end of the tank would be exposed to air. Letters next
to histograms indicate differences among means for the 36mm increment based on Tukeys a
posteriori tests.
Growth Rates and Longevity
The large river species (A. plicata, G. rotundata, P. dombeyanus, P. purpuratus and Q.
refulgens) had thick shells (weight-length ratio > 0.9 g/mm), were long lived (27-34 years), and
matured later (> 5 years but exhhibited considerable variation in growth constants (k = 0.1- 0.03;
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Table 1). Cosmopolitan species (L. claibornensis, L. teres, and V. lienosa) were characterized by
relatively fast growth rates (k > 0.15), shorter life spans (14 - 20 years), thinner shells (0.8 - 0.2
g/mm) and earlier maturity (2 years). The only exception was O. reflexa, a large river specialist
that had a small maximum length of 59.57 mm, a growth constant of 0.17, maximum age of 19
years, maturity at 3 years, and shell ratio of 0.56 g/mm, more similar to the cosmopolitan
species. Maximum shell length was not discriminatory among the two species groups. .

Figure 9. Shell functional morphology experiment were nine mussel species were exposed to
0.15 m/s flow rate in an experimental flume (n=15). Changes in shell exposure measured from
volume of exosed shell above the sediment from pre and post measurements are plotted (+ SE).
A negative value indicates gain in sand around the shell, while a positive value indicates erosion
of sand around the shell. Letters next to histograms indicate differences based on Tukeys a
posteriori tests.
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The two additional non-cosmopolitan species of thin shelled mussels studied for
comparison, Leptodea fragilis and Potamilus inflatus, matured earliest of all (alpha = 1 year),
grew quickly (k > 0.3), and had lowest shell weight-length ratios (< 0.2 g/mm). These two
species were not included in the overall modeling in this study because both were rare, and I
could not find sufficient numbers of these species to include them in the laboratory studies. The
growth curves for each mussel species can be found in Appendix 2 (A-D).
Table 1. List of maximum length and age, growth constant, alpha and shell weight-length ratio
for the nine mussel species of interest plus L. fragilis and P. inflatus of their maximum length
and age, growth constant, and alpha derived from von Bertalanffy growth function and
Logarithmic curves.

Unionid
mussel
species

Distribution
group

Lampsilis s.
Cosmopolitan
claibornensis
Lampsilis
Cosmopolitan
teres
Villosa
Cosmopolitan
lienosa
Obliquaria
Large River
reflexa
Plectomerus
Large River
dombeyanus
Potamilis
Large River
purpuratus
Quadrula
Large River
refulgens
Amblema
Large River
plicata
Glebula
rotundata
Leptodea
fragilis
Potamilus
inflatus

Large River

Max
Alpha
age
(years)
(years)

Shell
weightlength
ratio
(g/mm)

Max
length
(mm)

Growth
constant (k)

91.91

0.152

14

2

0.818

121.69

0.281

14

2

0.702

77.02

0.186

20

2

0.264

59.57

0.179

19

3

0.559

111.89

0.24

27

5

1.266

204.34

0.045

32

5

1.42

65.06

0.082

33

5

0.987

122.33

0.114

39

6

1.494

164.46

0.039

34

5

0.987

134.02

0.301

6

1

0.188

110.9

0.82

8

1

0.094
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Host Fishes
Appendix 1 contains all potential host fishes for mussels collected during this study. One
of the unionids, Plectomerus dombeyanus, has no known host fishes and its strategy for fish
infestation is unknown. Glochidial infection strategies can be divided into three groups based on
number of potential host fishes, number of families of potential host fishes, and host attraction
method: host-generalist, host-specialist but non-displaying, and displaying species (Table 2)
based on Haag and Warren (1998). Host generalists use fishes from several families or feeding
guilds and include A. plicata and G. rotundata (Watters 1994). Host-specialist, but nondisplaying mussels use a small set of fishes that are in the same family or feeding guild, and
include P. purpuratus, Q. refulgens, and O. reflexa. The host-specialist, displaying mussels use
modified mantle flaps to attract fishes, or present glochidia in external structures (Hagg et al.
1995) that mimic food items such as fishes or other macroinvertebrates. Displaying species
include L. claibornensis, L. teres, and V. lienosa (Watters 1994). Haag and Warren (1998)
suggested that species with displays were often host specialists. This was not true in this study,
with V. lienosa, L. claibornensis, and L. teres having two, four, and six families of potential host
fishes, respectively.

Model of Life History
Principal Components Analysis yielded two significant components with eigenvalues of
0.541 (PC1) and 0.378 (PC2) that together explained 92% of the variation in life history traits
among the mussel species (Table 3). A varimax rotation aided in assessing variable correlations
for each principle component. The species fell into two recognizable groups in the ordination,
i.e., the cosmopolitan species in the upper left quadrant of the plot, and the large river species in
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the lower left quadrant (Fig. 10). Potamilis purpuratus had a unique position between the two
groups (Fig. 10). The cosmopolitan group exhibited negative scores on PC1 and positive scores
on PC2 and was characterized by earlier ages of maturity, lower maximum ages, and lower shell
weight ratios The large-river species group exhibited a range of scores on PC1, but consistently
low scores on PC2 and were non-displaying, slower growing species with thick, ornamented
shells suited for high water flows. Number of host fishes was not significantly related to either
PC and did not explain much variation in life history traits among mussel species.
Table 2. Potential host fish data for the nine mussel species determined from recent literature
(Oesch 1995, Howells et al. 1996, Keller and Ruessler 1997, Hove et al. 2011, Daniel and Brown
2012) and Watters’ (2009) Ohio State mussel host database (http://www.biosci.ohiostate.edu/~molluscs/OSUM2/terms_hosts2.html). Note that P. dombeyanus has no known host
fishes. Attraction method was determined from recent literature and this author’s expertise
Unionid mussel
species

Number of potential
host fishes

Number of potential
host fish families

Attraction
method

Lampsilis s.
claibornensis

5

4

Displaying

Lampsilis teres

17

6

Displaying

Villosa lienosa

7

2

Displaying

Obliquaria reflexa

3

1

Plectomerus
dombeyanus

0

0

Potamilis purpuratus

1

1

Quadrula refulgens

1

1

Amblema plicata

26

12

Glebula rotundata

7

5

36

Nondisplaying
Nondisplaying
Nondisplaying
Nondisplaying
Nondisplaying
Nondisplaying

Discussion

Movement
The ability to move relatively longer distances may play an important role in the life
history of some mussel species. Movement can be important before or during hydrological
disturbances (Bartsch et al. 2009) and may also aid in attraction of fish hosts. Results of the two
laboratory movement experiments were similar in the sense that both indicated the cosmopolitan
species and Potamilis purpuratus were relatively mobile.
Table 3. Variable loadings from principal components based on mussel life history traits. Bold
numbers indicate correlations that were interpreted as significant with that component.

PC

Number
host
fishes

1
2

Movement

Growth
constant

Max
age

Alpha

Shell
ratio

0.111

-0.306

-0.479

0.918

0.975

-0.175

0.599

-0.651

0.25

0.122

Shell
exposure

Attraction
method

0.844

-0.166

0.529

0.256

0.399

0.805

Mobile mussels can survive by moving out of areas with high levels of bed transport
(Bartsch et al. 2009) into shallow, less turbid waters to use visual displays to attract host fishes,
or to areas of reduced flow or better food conditions (Schwalb and Pusch 2007). Conversely,
large river species do not use visual host attraction methods, and the threat of drought or high
shear stresses and bed load transport in sheltered littoral areas in large rivers in Louisiana is rare
(Wright and Ensminger 2004). In addition, several large river species responded to lowering
water levels by burrowing in the sediment. Two studies (Watters et al. 2001, Schwalb and Pusch
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2007) have suggested that many species move vertically in the sediment as a response to
disturbance.

Figure 10. Mussel species scores on PC1 and PC2 from the principal components analysis. The
black ellipsoid encloses the cosmopolitan species and grey ellipsoid encloses the large river
specialists. Potamilis purpuratus has a unique location resulting from traits that are similar
between both groups.

Shell Functional Morphology
Undulating ribs, pustules, or dorsal ridges on sculptured shells may increase friction between
the shell and substrate, thus stabilizing the shell (Savazzi and Peiyi 1992, Watters 1994). My
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experiment suggested that species with sculptured shells had reduced substrate erosion, and
supported Watter’s (1994) arguments on the function of the ornamental shell morphology. The
thicker, sculptured shell may also influence the ability to burrow (Stone et al. 1982), anchor in
spates (Savazzi and Peiyi 1992), and protect mussels from crushing forces because of both
sedimentation and predation (Strayer 1999). All these results suggest that thick shelled,
ornamentally sculptured species should be found in high flow environments, but our survey work
and modeling in Chapter 1 suggest the opposite, i.e., large river species with sculptured shells are
more often found in protected littoral habitats associated with low shear stress and soft
sediments. Based on similar results, Bartsch (et al. 2009) argued that the thicker shell may also
provide more friction with the sediment, preventing large individuals from sinking.

Growth Rates and Longevity
Growth rates, maximum ages, and ages at sexual maturity are poorly understood for most
unionids (Strayer 2008). Considerable variation in reproductive traits has led some to suggest
that there are widely divergent life history strategies possible between co-occurring species
(Haag and Staton 2003). Both Potamilus inflatus and Leptodea fragilis have very thin shells, and
the highest growth rates. These species are also unique in they mature in the first year of life and
only live to be 6-8 year old. P. inflatus is a threatened, large river species found exclusively in
the Amite River in Louisiana. Its thin shell and early sexual maturity may allow small females to
be consumed by their molluscivorous host (Aplodinotus grunniens) as a type of self-sacrifice
attraction method to facilitate larval dispersal (Paul Hartfield, personal communication). The
same may be true for L. fragilis, as it has an identical life history and host fish.
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Cosmopolitan species matured at around 2 years, grew relatively quickly and died at 14
years of age (Lampsilis species) and 20 years of age (Villosa lienosa), around half the age of the
large river species. All three of these cosmopolitan species have smaller shell weight-length
ratios and maximum shell lengths, suggesting a tradeoff between growth and age at maturity and
a tendency towards an r-selected life history strategy. Cosmopolitan species also produce mantle
displays and lures which can be costly, and result in shorter life cycles due to tradeoffs between
reproductive effort and survival (Roff 1992, Stearns 1992). Mussels in tributary streams may
benefit from quick maturity and reproduction because of the instability in stream habitat
conditions and reduced probabilities of long-term survival (Haag 2008).
The opposite was true for most of the large river species with sculptured shells, which
demonstrated the reverse relationship between life span and growth, growing slowly to large size
and maturing at a later age. These species occur in relatively stable habitats and could be
characterized as k-selected. Increased body size can increase the number of glochidia brooded
and resultant fecundity (Bauer and Wächtler 1994, Haag and Staton 2003). Interestingly,
Obliquaria reflexa, a large river specialist, had life history characteristics intermediate between
the two general groups.

Host Fishes
There is a strong relationship between host fish attraction and the distribution of the
mussels, with only displaying species being cosmopolitan in distribution. Although this agrees
with Haag and Warren’s (1998) hypothesis that visual displays are better suited for clearer-water
tributaries, these species are also commonly found in large rivers. The large river species in this
study were all non-displaying, but were divided between host generalists and specialists.
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However, the number of host fishes appeared to be the least important factor influencing the
distribution of the mussel species in these southeastern Louisiana streams. As discussed in
Chapter 1, host fish distributions are all relatively cosmopolitan in these systems, occurring in
almost all sampled stream orders. Exceptions include: Aplodinotus grunniens and Pylodictis
olivaris, potential host fishes for Potamilis purpuratus and Quadrula refulgens respectfully,
which were exclusively found in large rivers and may limit the distribution of these two mussel
species. All other species had host fishes in all sampled stream orders. These findings indicate
that factors other than host fish distributions are much more important in determining unionid
distributions in these rivers.

Model of Life History Traits
Field surveys and the ordination of life history traits both divided the mussel species into
cosmopolitan and large-river species, with the exception of P. purpuratus. These species thus
have a suite of life history traits, behavioral characteristics, and functional morphologies that
may help determine their distributions. Most of the large river specialists (A. plicata, G.
rotundata, O. reflexa, P. dombeyanus, and Q. refulgens) have thick shells with sculpturing, to
help prevent dislodgement in high water flows. These species appear to be relatively k-selected
in life history traits (e.g. they mature later and have longer life cycles) and do not rely on visual
displays to infect their host fishes. The group of cosmopolitan species (L. claibornensis, L.
teres, and V. lienosa) instead are more mobile, use visual displays to attract their host fishes,
have thin, smooth shells, and appear to be relatively r-selected in their life history traits (earlier
maturity and shorter life cycles).
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P. purpuratus was unique as it is only found in large rivers but has many of the life
history traits of the cosmopolitan group. Although its shell morphology (thick shell with a
distinct dorsal ridge) was similar to other large river species (it had the largest shell of any
species in the study), it experienced substantial substrate erosion in high flows in the laboratory
flume experiment. Surprisingly, it was highly mobile, considering the large shell, and responded
to the lowering water levels much like the cosmopolitan species, but had a growth rate and
longevity similar to the large river group. This species has only a single recognized host fish
(Aplodinotus grunniens), which has only been sampled in large rivers in the region. This lack of
a dispersal agent may limit the species to large rivers, while its life history traits suggest it might
survive in a wider range of stream sizes. It is also possible that its higher movement rates allow it
to move to deeper pools during spates, since its shell morphology does not prevent sediment
erosion.
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CHAPTER 4
A TIERED AQUATIC LIFE UNIT (TALU) BIOASSESMENT MODEL BASED ON
FISHES AND UNIONID MUSSELS IN GULF OF MEXICO COASTAL STREAMS
The Clean Water Act (CWA) of 1977 required that individual states develop water
quality standards, monitoring tools, and strategies to remediate degraded water bodies (NRC
2001). The CWA designated broad water quality designations, such as “fishable or swimmable”
and “”, to represent a site’s minimal targeted condition as related to the water bodies primary
anthropogenic value The biotic integrity of a water body has been recognized as a useful
measure of attainment of these designations. Consequently, many states and tribes have some
type of rapid bioassessment method, such as single or multi-metric indices of biotic integrity
(IBI), Ephemeroptera, Plecoptera, and Trichoptera indices (EPT), or Benthic Inventory of
Biologic Integrity (B-IBI) indices that monitor biotic integrity by assessing a limited group taxa
(i.e., benthic macroinvertebrates) condition (EPA 2005). Monitoring biological diversity as a
measure of biotic integrity is more affordable and time efficient than monitoring water chemistry
(Wallace et al. 1996, Flotemersch et al. 2006), and biological diversity also provides measures of
ecosystem health from multiple stressors that water quality measures lack (Karr 1993, Bonada et
al. 2006, Boonsoong et al. 2010, Danielson et al. 2011).
Biotic assessment tools are usually focused on benthic macroinvertebrates, fishes, or
algae (Karr et al. 1986, Southerland and Stribling 1995, Hill 1997). Single indices and single
taxonomic group approaches without environmental variables can misclassify the quality of a
system because they inadequately model expected values resulting in misclassification (Bonada
et al. 2006). Danielson (et al. 2011) reported that few fish or macroinvertebrate communitystructure attributes (e.g., species richness) were useful bioassessment metrics in Maine streams
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without the addition of local habitat variables. Single taxonomic groups can also respond to
unexpected or unmeasured variables, such as increased diatom richness in habitats associated
with intermediate levels of disturbance (Biggs and Smith 2002). Many regional or state
bioassessments are difficult to modify for other regions, and inter-region comparisons often fail
because of a lack of common interpretive frameworks (Davies and Jackson 2006). Additional
disadvantages of single indices and single taxonomic group approaches are detailed by
Reynoldson et al. (1997), Karr and Chu (1999), and Bonada et al. (2006).
Interest in alternative assessments arose because indices based on single taxonomic
groups (e.g., fishes, benthic macroinvertebrates, or algae) assessments often fail to be protective
against Type I (e.g., concluding impairment when impairment does not exist) and Type II errors
(e.g., failing to detect impairment), or demonstrated to be insensitive to threshold detection (King
and Baker 2010, Relyea et al. 2012) counter to the overall goal of monitoring (CABB 2009).
Several avenues have been explored to develop more useful assessments that do not reduce all
information to a single index based on a single category of organisms. Multimetric approaches
based on single taxonomic groups (e.g., Karr and Chu 1999, Schwendel et al. 2011) and
assessments integrating multiple organisms (e.g, fishes, macroinvertebrates, and diatoms;
Hughes et al. 2011) may offer greater biological accuracy and avoid the pitfalls of single indices
(King and Baker 2010, Zuellig et al. 2012). In 2001, the National Research Council (NRC)
suggested rapid bioassessments incorporate a tiered design that would designate appropriate
aquatic life uses that encompassed all biological assemblages necessary to maintain integrity.
The NRC recommendation also called for biological criteria to be paired with physical and
chemical criteria.
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One approach developed to address the NRC recommendations is the tiered aquatic life
unit (TALU) model, which is a bioassessment framework that can accurately model the impacts
of anthropogenic disturbances on aquatic ecoregion quality (EPA 2005). A TALU framework
combines easily measured habitat, land use, water chemistry, and biotic variables to monitor
integrity. The goal is to set biological and chemical goals that are protective, against Type I and
II errors, yet attainable. A tiered category system also allows more regional specificity to allow
assessment of the realistic potential of a specific ecosystem’s recovery (NRC 2001, Davies and
Jackson 2006).
Developing a TALU framework requires selection of metrics that accurately assess
anthropogenic disturbances that change stream quality. Each metric is divided into tiers
reflecting the quality of the stream site, based on an ecoregion’s reference sites, with tiers
arranged by decreasing quality from 1 through 6. Typically, tiers 1-2 represent pristine streams
for the ecoregion, whereas tiers 5-6 indicate severe impairment (Davies and Tsomides 2002).
The six tier system allows finer scale changes in streams to be more easily detected and
restoration efforts to be more readily assessed (Davies and Jackson 2006).
Based on the results from chapter 3, I designed a TALU framework using two taxonomic
groups, unionid mussels and fish. Fish assemblages are frequently used to model stream biotic
integrity, because fish are relatively easy to collect and identify in the field (Herricks and Cairns
1982, Flotemersch et al. 2006), and typically disperse from unfavorable to higher quality sites
(Kohler and Hubert 1999). Fish assemblage structure also assesses ecosystem function because
fishes have diverse feeding niches (omnivores, herbivores, detritivores, insectivores, and
piscivores) and their diversity, abundance and feeding strategies reflect the quantity and quality
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of food resources (Flotemersch et al. 2006). Unionid mussels indicate ecological health because
they are long lived and sessile, and sites with high mussel diversity or abundance are historically
pristine. Mussels close their shells to avoid acute pulses of pollutants (Farris and Hassel 2007),
but are intolerant to chronic pollution, especially high biochemical oxygen demand (BOD, Kaller
and Kelso 2006a). Mussels are also good bio-indicators because they are influenced by
ecosystem function with mussel benthic biomass (Wallace et al. 1977, Vaughn et al. 2004), rates
of nutrient cycling (Vaughn et al. 2004) and rates of sequestering fine particulate organic matter
generated by other macroinvertebrates (Wallace et al. 1977, Vaughn et al. 2004) reflective of the
ecosystem. Further, mussels can influence the structure of co-occurring macro-invertebrate
assemblages (Vaughn et al. 2004) by increasing benthic structural complexity (Spooner and
Vaughan 2006) suggesting that mussels may be an alternative to macroinvertebrates. Fish
assemblages tend to respond more obviously to pulse disturbances (e.g., movement out of the
area) than longer-lived mussels, but both groups can provide important information on stream
health based on the integration of long-term responses to multiple water quality and habitat
stressors.
The objectives of this study were to establish a TALU framework for six ecoregions
along the north-central Gulf of Mexico coast that would allow assessment of biotic integrity in
streams varying in size within a single watershed, or across several ecoregions within adjacent
watersheds, and incorporate both fish and unionid mussel assemblages.
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Methods
I selected representative stream sites (n = 73) along a continuum of river sizes (2nd
through 6th order) within Louisiana between the Mississippi and Pearl Rivers, in six United
States Environmental Protection Agency (EPA) level IV ecoregions: Southern Rolling Plains,
Baton Rouge Terrace, Southern Pine Plains and Hills, Southeastern Floodplains and Low
Terraces, Southern Coastal Plain Floodplains and Low Terraces, and Gulf Coast Flatwoods (Fig.
11). Although combining assessments across ecoregions can be problematic, evidence from
Kaller et al. (in press) and a Detrended Correspondence Analysis (pDCA; CANOCO® for
Windows 4.5) performed on mussel species data with stream size as a co-variable (see below)
justified pooling ecoregions for constructing our TALU framework.
The TALU framework modeled deviation from reference conditions, established from
least-disturbed sites defined by Kerans and Karr (1994). Two sources were used to delineate
reference streams: Louisiana Department of Environmental Quality (LDEQ 2011) regional water
quality reference streams and data on undisturbed streams collected during a study of fish and
mussel diversity (Brown et al. 2010). I included 20 reference sites in the assessment. Impaired
streams to be included in the model were also selected based on the LDEQ impairment list
(LDEQ 2011). These sites had low dissolved oxygen, heavy metal contamination both in fish
tissue and water, high or low pH, high total dissolved solids, high total suspended solids, and
high levels of sulfates, nitrogen loadings, turbidity, or fecal coliform bacteria. The levels of
impairment included failure to support primary contact for humans (PCR), as well as fish and
wildlife propagation (FWP). I included 24 impaired sites in the assessment. The remaining 29
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sites were not designated a priori as reference or impaired and represented a gradient of water
quality and habitat conditions.

Figure 11. Site map of sample sites (n=73) within the six ecoregions as defined by United States
Environmental Protection Agency level IV ecoregions: Southern Rolling Plains, Baton Rouge
Terrace, Southern Pine Plains and Hills, Southeastern Floodplains and Low Terraces, Southern
Coastal Plain Floodplains and Low Terraces, and Gulf Coast Flatwoods.

General Sampling Design
All data needed for the TALU assessment were measured during brief visits to streams or
with minimal laboratory time and effort as recommended by Davies and Jackson (2006). I
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collected data on unionid mussel diversity, fish assemblage diversity and relative abundance,
water quality, and habitat descriptors in a single 300-meter reach at each sampling site as
delineated in EPA rapid assessment procedures (Barbour et al. 1999). Riparian land use was
determined with Geographic Information System (GIS) software, described later. Numerous
habitat and biotic descriptors were initially evaluated to be a part of the TALU framework, but I
only present detailed measurement methods for variables considered important in the final
TALU framework. All data were collected during summers 2007-2010.

Field Sampling Methods
Mussels were collected with semi-quantitative sampling, or time limited searches. Two
snorkelers spent 45 minutes each carefully searching the 300-m long sample reach in areas less
than 2 m depth. All mussels were identified in the field based on Vidrine (1993) and then
returned to the substrate. Mussel and fish sampling methods are detailed in Chapter 2.
Fish sampling varied with the size of the stream at the 300-m reach. Because no
published data exist regarding pollution tolerance of fish for the Gulf Coast, intolerant fish
species were designated based on my own experience and consultation with the Louisiana
Department of Wildlife and Fisheries (J. Brian Alford and R. Glenn Thomas, personal
communication; Table 4). I avoided including rare species, species at the limit of their range, or
those that only inhabited a single watershed in the ecoregion Kaller et al. (in press). Shannon’s
diversity index (H’) was calculated for each sample (Shannon and Weaver 1963).
A points, at each end and middle of the 300-m reach (3 in total) were used to estimate the
abundance of coarse woody debris, and counts were averaged over all three points (Barbour et al.

49

1999). Only wood debris with a diameter 10 cm or larger in contact or submerged within the
water was counted. Root masses and log jams were counted individually (Shields et al. 1998).
An YSI model 85/10 probe was used to measure Dissolved Oxygen (DO; mg/L) and Specific
Conductance (µS/cm) at the middle of the downstream transect.
Table 4. Intolerant fish species for the six United States Environmental Protection Agency level
IV ecoregions used in this study, species were selected for intolerance to anthropogenic
disturbance and not their rarity in sampling.
Species

Family
Catostomidae Erimyzon sucetta
Cyprinidae

Ericymba buccata, Hybognathus nuchalis Macrhybopsis
storeriana, Notropis signipinnis, N. welaka, Pteronotropis
signipinnis

Ictaluridae

Noturus gyrinus, N. leptacanthus, N. munitus, N. nocturnus

Centrarchidae Ambloplites arriommus, Lepomis miniatus

Percidae

All Ammocrypta species, Etheostoma caeruleum, E. histrio, E.
stigmaeum, E. swaini, E. zonale, Percina lenticular, P. sciera, P.
suttkusi, P. vigil

Land Use Determination
Riparian land use was modeled 200 m out from each bank and 1Km upstream based on
GIS (ArcGIS version 9.2 Redlands, CA: Environmental Systems Research Institute)
determinations of land use/cover adjacent to each study site. GIS maps were from the Louisiana
Statewide GIS database (http://atlas.lsu.edu/) and National Land Cover datasets (NLCD 2001).
Data sets were at the 1:100,000 scale with 30 meter resolution for all watersheds, which has
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accurately predicted mussel abundance in previous studies in the coastal plain (Brown et al.
2010).. To standardize land use between watersheds and focus on common land uses, I pooled
Anderson II level land use (Anderson et al. 1976) categories. For example, wetland forest
deciduous, wetland forest evergreen, and wetland forest mixed were combined into forested land.
I updated the land use data by comparing them with more recent Google Earth images (Google
Inc. 2012, Version 5.1) at each site. The 200m x 1km boundaries were aligned with the
Louisiana land-use coverage map and boundaries were established. The resulting polygon
coverage was used to calculate areal percentages of Anderson II land use categories.

Influence of Stream Size
One of our goals was to develop a TALU framework with broad applications for
ecoregions within the coastal plain over a range of stream size. In making a single framework, I
needed to evaluate the influence of natural variation in biotic assembles between stream orders. I
compared fish assemblage species richness and abundance between the five stream order
categories (p > 0.05, one way ANOVA, SAS Institute Inc. 2005). I also compared unionid
mussel assemblage abundance and richness across stream orders, and ANOVA, indicated clear
differences in mussel richness between smaller streams (very few mussels and limited species)
and larger rivers (10-20 species). All assumptions for ANOVA were assessed for each ANOVA.
Because data collected to date and chapter 2 results suggest that larger streams have more habitat
types and hence greater mussel diversity (Arbuckle and Downing 2002, Poole and Downing
2004, Newton et al. 2008, Brown et al. 2010), I applied a correction factor to the mussel data
allowing comparison of different stream sizes, without bias based on watershed size. Since,
watershed size is high correlated with mussel species richness, but no indication of biotic
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integrity. The small order streams had a correction multiplier of 3. The mid-order streams (3rd
and 4th), with just a few cosmopolitan species (see chapter 3), had a correction multiplier of 1.5.
The larger order (5th and 6th order) streams had a correction multiplier of 0.59.

TALU Metric Selection
Metrics were selected for sensitivity to anthropogenic disturbance and for their influence
on stream integrity based on literature or experience. It was very important that the metrics were
more sensitive to disturbance than to natural variation within and among ecoregions (Hawkins et
al. 2000, 2010; Hamilton et al. 2010). I chose at least one metric each to represent the fish
assemblage, unionid mussel assemblage, riparian land use, within stream habitat, and water
quality (Barbour et al. 2000). The complete set of independent variables (n = 23) collected at
each site (Table 5) were based on my prior knowledge of the regions’ stream systems (Brown et
al. 2010, see chapter 2 and 3). A Principal Components Analysis was used as an initial
independent variable reduction tool (PCA, CANOCO® for Windows 4.5) to identify and
eliminate multicollinearity.
Variables remaining after the PCA variable reduction step included forested land use,
agricultural land use, canopy cover, course woody debris, DO, specific conductance, water
temperature, mussel species richness, fish diversity, numbers of tolerant and intolerant fish
species, and native fish species richness. I first compared the mean and quartiles for each metric
between the reference and impaired sites, and retained any metric with low levels of overlap
between the two categories. For each of these metrics, I assigned tier criteria as follows: the
mean was set as the center of the 4th tier and successive standard deviations were used to
establish each lower and higher tier. The 3rd and 5th tiers were thus bounded by one standard
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deviation plus and minus, respectfully, and 2nd and 6th tiers were two standard deviations above
or below the mean. The 1st tier criterion was the assumed pristine or exceptional condition of the
variable, at three standard deviations (or the theoretical maximum) (Figure 12). I compared the
selected metrics among tiers by ANOVA (SAS Institute Inc. 2005), after assessing all
assumptions for ANOVA, to assess if each was significant in the model.
Table 5. Independent variables investigated for use as metrics in the TALU framework.

Variables

Category

Land Use/Cover

% Forested, % Agriculture. % Residential

Habitat metrics

% Canopy cover, Number of sediment types, Amount of
coarse woody debris, Current velocity, Bank height

Water Quality

Conductivity, Dissolved Oxygen, Temperature, pH

Fish Assemblage

Total number of individuals, Number of tolerant species,
Number of intolerant species, Native species richness, Percent
of omnivores, Shannon diversity, Evenness

Mussel Assemblage

Total number of individuals, Species richness, Shannon
diversity, Evenness

Site Classification
Site classification for all seven metrics included in the final model was based on modal
values, e.g., five tier 3 classifications and two tier 4 classifications resulted in an overall
classification in tier 3. The mode was chosen since the tiers were nominal variables. If two tiers
were equally represented in the framework, (e.g. 3 tier 4 classifications and 3 tier 3
classifications) the tiebreaker was based on the score of the excluded variable(s) not associated
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with the tie. If three sets of modes occurred with equal occurrence, the middle mode score would
be used for the site’s overall score.
To evaluate the final model, and establish if the potential metrics and their tier cutoff
values accurately separated the sites, I used Discriminant Analysis (PROC DISCRIM; SAS
Institute Inc. 2005) with a posterior probability of membership test (cross validation).. The final
TALU model had to fit three criteria: 1) accurately identified the tier score of the sites with
greater than 95% accuracy based on the model’s posterior probability of membership, 2) separate
the tiers with the selected independent variables, and 3) be composed of statistically significant
metrics. I assessed the distribution of site classifications by plot and generalized linear mixed
models.

Results
Results of pDCA suggested that pooling sites across the six ecoregions was justified, i.e.,
when stream size was considered in the pDCA, ecoregion was not an informative variable. From
the 23 original candidate metrics, I identified seven statistically significant independent variables
for the TALU model (Table 6) Statistically significant differences in metrics among TALU tiers
determined with ANOVA were: fish diversity (F value= 4.23, p = 0.002), number of intolerant
fish species (F value = 15.38, p < 0.0001), number of mussel species corrected for stream size (F
value= 3.18, p = 0.01), percent forested land use in the riparian zone (F value = 2.51, p = 0.04),
average number of pieces of woody debris (F value = 8.67, p < 0.0001), specific conductance (F
value = 12.62, p < 0.0001), and DO (F value = 3.87, p = 0.004). The cutoffs for the six tiers,
based on the box and whisker plots, are indicated in Table 6.
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Figure 12. The conceptual model of the TALU framework. The designation of the six tiers and
their associated ecological condition are based on amount of anthropogenic disturbance as
developed by United States Environmental Protection Agency. Model’s sigmoidal curve refers to
the response of biotic integrity of a site to anthropogenic disturbance.
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Table 6. The final TALU framework metrics and cutoff values used to assign stream
classifications. The six tiers are organized from best (tier 1) to worst (tier 6).

Tier

Fish
H’1

No. of
intolerant
fish sp.

Mussel
species
richness2

Woody
Debris
Count

%
Forested
cover

1
(best)

2.6

9

8

9.7

25

9

100

2

2.3

7

6

8.2

50

7

95

3

2

5

4

6.7

75

5

80

4

1.7

3

2

5.2

100

3

65

5

1.4

1

1

3.7

150

1

50

0

<3.7

>150

0

<50

6
<1.4
0
(worst)
1
Shannon diversity index
2
corrected for stream size

D. O. Conductivity

Evaluation of Model Performance
The DCA demonstrated that the TALU model successfully separated the tiers along three
axes (Wilk’s λ = 0.055, F = 6.4, P <0.0001) that accounted for 65%, 18%, and 12% of the
variation, respectively. Addition of a fourth axis did not increase significance of the
discrimination among tiers. Based on the standardized discriminant coefficients, the first axis
suggested that the better quality tiers had increased mussel species richness, intolerant fish
species richness, fish diversity, course woody debris, and lower conductivity. Furthermore, the
model’s posterior probability of membership indicated only a 4% error rate in site identification,
compared to the discriminant analysis based on the same variables, and the misidentified sites all
were between adjacent 3 and 4 tiers, which were dominated by the streams without a priori
classification.
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The frequency distribution of tier classifications of the 73 sites had a bell-shaped curve,
with the majority of sites being classified as 3rd and 4th tier (e.g. neither reference nor impaired),
as would be expected given that they were selected without a priori classification to represent a
range. Following selection, a generalized linear model with a log link and Poisson distribution
(log linear model) indicated that the TALU did not randomly distribute sites among tiers (Χ2 =
1049.3, P < 0.0001, SAS Institute Inc. 2005), and the reference and impaired sites were clearly
separated along the tier classification (Figure 13).

Discussion
There is a need for biomonitoring tools that are reliable, affordable, and adaptable
(Bonada et al. 2006). The TALU model was quite conservative, with only a 4% error rate in site
assessment, limiting any false designation of degraded sites as unimpaired streams (Type I error)
and did not classify any unimpaired streams as impaired (Type II error). My TALU model
clearly separated reference sites from degraded sites and placed the sites without a priori
classification properly in the intermediate tiers. My framework also involves sampling that is
non-destructive, includes previously used metrics, and is broadly applicable and cost-effective,
(Barbour et al. 2000). Further, following guidelines summarized in Bonada et al. (2006), the
TALU is not taxon-specific nor reliant on extensive laboratory-based identification, unlike many
state biological assessments that limit broad applicability [e.g., Mississippi’s M-BISQ (MDEQ
2003) or North Carolina’s Index of Biotic Integrity (NCDENR 2006)], and is similar to more
generalizable protocols based on measures of richness and diversity [e.g., USEPA Rapid
Bioassessment Protocols for Use in Wadeable Streams (Barbour et al. 1999) or West Virginia’s
Stream Condition Index (Tetra Tech 2000)]. Further, the TALU abiotic components are broadly
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recognized as important to lotic systems. All streams were sampled at multiple sites to capture
the inherent variation of biotic integrity within streams (Allan et al. 1997). Therefore, this model
could also be easily modified for other ecoregions with addition of the respective field data and
recalibration of tiers based on that region’s measures of central tendency and dispersion.

Figure 13. Tier classification from TALU framework from the log linear model. None of the
reference sites occurred in the 5th and 6th tiers and none of the impaired sites occurred in the 1st or
2nd tiers.
Unfortunately, these coastal ecoregions in Louisiana do not have a broadly-adopted set of
ecological indicators (e.g., multimetric indices) or biological endpoints, nor do they have an
established and consistent biological sampling program to compare to our TALU framework (see
http://www.epa.gov/bioiweb1/html/publications.html). However, the assessment and its seven
metrics appeared to be clearly related to anthropogenic disturbances in these watersheds.
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Combining the two biological assemblages had clear advantages. Fish are well known to
respond to both smaller scale disturbances and long term stream degradation (Flotemersch et al.
2006). The intolerant fish species in my model were chosen based on sensitivity to habitat loss,
water quality, and other anthropogenic disturbances. Unionid mussels are also recognized as site
specific indicators of water quality (Herricks and Cairns 1982). Specific conductance is readily
measured by inexpensive, portable equipment, is a good surrogate for chlorides, turbidity, or
total dissolved solids (Gordon et al. 2004), and indicates degradation from upstream erosion,
mining, or pollutants Likens et al. 1970). Dissolved oxygen may exhibit wide diel fluctuations,
but low concentrations may indicate degradation from BOD producing pollutants, such as
sewage, or may indicate nonpoint source enrichment, such as increased runoff from land
conversion. The LDEQ (1999) It has been estimated that 1.3 million people in Louisiana have
individual waste disposal systems and 50% of them are inefficient or malfunctioning (LDEQ
1999), and LDEQ (2011) has implicated nonpoint sources as the cause of impairment for 29% of
the state’s water bodies. Course woody debris is a strong metric of habitat quality because it
provides cover and is positively correlated with habitat complexity (Hauer et al. 1999;
Montgomery et al. 2003; Gurnell 2003; Mutz 2003) and fish diversity (Shields et al. 1998;
Dolloff and Warren 2003; Zalewski et al. 2003). Loss of woody debris leads to sediment
alteration (Hauer et al. 1999; Mutz 2003) and loss of biotic habitat (Abbe et al. 2003;
Montgomery et al. 2003).
Land use alteration has numerous consequences for stream ecosystems as it increases
turbidity, scouring, nutrient enrichment, sedimentation, loss of allochthonous energy sources,
woody debris, and alters hydrologic variables (Snyder et al. 2003, Allan 2004). Forested riparian
zones are positively correlated with high biotic integrity (Boyer et al. 2003; Allan 2004) because
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they mitigate the effects of anthropogenic land use (Snyder et al. 2003), and provide habitat and
energy sources to the stream system (Bilby 2003; Allan 2004). Conversion of forested lands to
agriculture and urban land use is a well-known source of nonpoint pollutants, creating high loads
of sediment, pesticides, nutrients, and BOD. Therefore, the metrics selected for this framework
represent biotic and abiotic measures that reflect the ecosystem health of streams and rivers
along the Gulf coast, many of which are known to be sensitive to a wide variety of impacts.

Limitations of Framework
My intention is that the methodology and TALU model outlined above can be modified
for use in other ecoregions. Because the streams sampled did not include first order, intermittent
streams, or saltwater- influenced streams, these streams should not be assessed with the model.
Seasonal variation in fish assemblage composition and relative abundance was also not
considered in the model, because all sampling occurred during the summer.

Summary
My TALU framework developed from sampling 73 stream sites across six coastal
ecoregions provides a conservative, and yet sensitive, assessment tool. The final set of seven
metrics reflects different biotic and abiotic aspects that together reflect ecosystem health. Unlike
other biotic assessments, my model is not taxon-specific and does not include overtly regionally
specialized abiotic metrics, which should allow for simple modifications for other ecoregions
with low gradient streams and rivers.
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CHAPTER 5
CONCLUSIONS
From the results of the structural equation model (SEM, chapter 2) in the Pine Hills
region of Louisiana, I found that mussel assemblages were structured by hydrologic and
anthropogenic disturbance regimes. Flooding, especially the higher current velocity and shear
stress associated with spates (Strayer 1983, Golladay et al. 2004), and drying events in the
smaller tributaries (Gagnon et al. 2006, Zigler et al. 2008) are important in structuring Louisiana
mussel assemblages. The highest mussel species richness and abundance in the region was found
in lower watershed habitats, associated with side pools and depositional areas with stabile
sediments. These refugia experience lower shear stress, evident from the considerable amounts
of soft sediments (silt) present (Peterson 1999). The larger stream order sites in Louisiana
(referred to as bayous) also have more extensive riparian wetlands that ameliorate the effects of
frequent floods, and thus promote habitat stability (Allan and Flecker 1993, Gagnon et al. 2006).
The SEM model suggested small influences of anthropogenic disturbances on species
richness and abundance, but was strongly and negatively related to site stability. Anthropogenic
land use, including agricultural land, can alter hydrologic flow, increase sediment loading in
streams from greater overland flow and erosion, and increase peak discharges (Botkin and
Beveridge 1997, Morley and Karr 2002), all of which can degrade mussel beds (Gangloff and
Feminella 2007). Anthropogenic development in watersheds is also associated with more point
and non-point sources of pollution, which can degrade the biotic integrity of an encompassed
stream (Roy et al. 2005, Morgan and Cushman 2005). My study sites of the Pine Hills region
had relatively little riparian agricultural or urban impacts, and only a few sites with poor biotic
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habitat/ water quality. However, the anthropogenic latent variable from the model represented
important factors that could have negative consequences for other mussel assemblages.
I determined in chapter 3 that there are two distinction distribution patterns for mussels,
each with a unique suite of life history traits: cosmopolitan group of species in both large rivers
and smaller tributaries, and large river specialist species. The distribution of the two mussel
groups was not closely related to host fish distributions, as had been seen in many other studies
(Watters 1992, Haag and Warren 1998, Vaughn and Taylor 2000, Strayer 2008). However, life
history traits involving reproduction and host fish attraction did separate the groups, with the
cosmopolitan species all using visual displays to attract hosts. The cosmopolitan species were
also relatively mobile and could sense and escape the lowering edge of water line during drying
under laboratory conditions. This desiccation avoidance could be beneficial in flashy, small
tributaries. Being mobile could also allow the displaying species to move to shallow waters to
attract hosts, and move before or reposition themselves after spates (Bartsch et al. 2009). This
last point could be important, because the smooth shell functional morphology of the
cosmopolitan species did not prevent sediment erosion in high water flow conditions in
laboratory experiments. Cosmopolitan species thus possessed life history traits that suggest they
could survive in highly disturbed environments (Haag 2008), with relatively quick shell growth
rates, early maturity, and short life cycles.
The opposite was true for most of the large river species with thick sculptured shells.
They had a negative tradeoff between life span and growth, and matured at a later age. This
tradeoff between growth and reproduction could suggest that the species occur in relatively
stable habitats where they would benefit from an increased body size and annual fecundity
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(Bauer and Wächtler 1994, Haag and Staton 2003). The functional morphology of most large
river species shells prevented sediment erosion as predicted (Watters 1994), but most of these
species in the large rivers were found in soft sediment refugia, areas that had lower shear stress.
Evolution of these sculptured shells may have occurred in Midwestern streams where mussel
beds occur in high energy riffles, but are not needed in the Louisiana bayous where mussels face
higher threats from burial or sinking in soft sediments. However, Bartsch (et al. 2009) considered
instead that the large surface areas of the thicker, sculptured shells may help increase friction
with the sediment, preventing burial.
I attempted to use host fishes as predictor variables in both the SEM (chapter 2) and the
PCA models (chapter 3) to explain mussel species richness, abundance, or distribution. In both
instances the host fish variables failed to be strong predictors. The host fish assemblage is
cosmopolitan in distribution and abundant in all stream orders. The mussels thus had potential
host fish in smaller streams, but 75% of the mussels sampled were in the larger rivers. Taken
together, these data suggest that mussels in the Pine Hills region streams are not dispersal limited
by their host fishes. However, I was not able to test the alternative hypothesis that large river
mussels could metamorphose in small streams, but were eventually dislocated by high shear
forces during floods, with adults only occurring in the larger order rivers. On the other hand,
frequent hydrologic disturbance and de-watering events in smaller streams might select for
cosmopolitan species with presumably high dispersal rates and r-selected life history traits.
Of the 64 species of mussels in Louisiana (Neves et al. 1998), roughly half face some
danger of extinction (LDNH 2002). Threats to mussels in Gulf coast streams include gravel
mining (Hartfield 1993, Brim Box and Mossa 1999, Brown and Banks 2001), land use alteration
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(Gangloff and Feminella 2007, Brown et al. 2010), and pollution (Strayer 2008). Making use of
the results of chapter 2 and 3, and incorporating fish and habitat data I created a rapid
bioassessment tool that can aid wildlife managers in protecting the biotic integrity of streams.
The Tiered Aquatic Life Unit (TALU) framework I created was quite conservative, with only a
4% error rate in site assessment. The framework clearly separated reference sites, neither
reference or impaired quality sites, and degraded sites. My framework also has many of the
characteristics of good assessments, is easy modified for other ecoregions, and is not taxonspecific or reliant on extensive laboratory-based identification. Having two biotic components,
fish and mussel assemblages, provided clear advantages, since fish respond to small scale
disturbances and mussels are indicators of long term integrity. Further, the TALU abiotic
variables are broadly recognized as important to lotic systems. Therefore, my model is superior
to more traditional bioassessments.
In summary, I developed three models (SEM, life history distribution, and TALU) from
this dissertation that can have multiple applications to unionid conservation. The SEM model and
data on life history relationships to distribution will improve the general knowledge of factors
that structure unionids assemblages in coastal plain rivers. They can also be used as applied tools
and models that increase resource managers’ ability to identify areas of high unionid
conservation value. The TALU in particular will provide a robust assessment tool for streams
throughout the Gulf Coast.
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APPENDIX 1: POTENTIAL HOST FISHES

Appendix 1. Potential host fishes for all unionid mussel species in the study. All potential host
fishes are given although they may not have been sampled in this study. Species collected in the
study are bolded. List was determined from the literature (Oesch 1995, Howells et al. 1996,
Keller and Ruessler 1997, Hove et al. 2011, Daniel and Brown 2012) and Watters’ (2009) Ohio
State mussel host database (http://www.biosci.ohiostate.edu/~molluscs/OSUM2/terms_hosts2.html).
Unionid Mussel
Species

Amblema plicata

Potential Host Fish Species
Ambloplites rupestris, Aplodinotus grunniens, Cyprinella spiloptera,
Cyprinella whipplei, Erimystax dissimilis, Esox lucius, Hiodon
tergisus, Hypentelium nigricans, lctalurus punctatus, Lepisosteus
platostomus, Lepomis cyanellus, Lepomis gibbosus, Lepomis gulosus,
Lepomis macrochirus, Micropterus salmoides, Morone chrysops,
Moxostoma duquesnei, Moxostoma erythrurum, Nortopis atherinoides,
Perca flavescens, Percina caprodes, Pomoxis annularis, Pomoxis
nigromaculatus, Pylodictis olivaris, Sander canadensis

Anodonta
suborbiculata

Ictalurus punctatus, Lepomis cyanellus, Lepomis gulosus, Lepomis
megalotis, Micropteris salmoides, Notemigonus crysoleucas, Pomoxis
annularis

Elliptio crassidens

Alosa chrysochloris

Fusconaia ebena

Alosa chrysochloris, Micropterus salmoides, Pomoxis annularis,
Pomoxis nigromaculatus

Glebula rotundata

Anchoa mitchilli, Cyprinus carpio, Lepisosteus oculatus, Lepomis
cyanellus, Lepomis macrochirus, Morone chrysops, Trinectes
maculatus

Lampsilis ornata

Luxilus chrysocephalus, Micropterus salmoides

Lampsilis s.
claibornensis

Gambusia affinis, Ictalurus punctatus, Lepomis macrochirus,
Micropterus salmoides, Notropis texanus

Lampsilis siliquoidea

Ambloplites rupestris, Catostomus commersoni, Lepisosteus
platyrhincus, Lepomis cyanellus, Lepomis gibbosus, Lepomis gulosus,
Lepomis macrochirus, Lepomis megalotis, Luxilus chrysocephalus,
Luxilus cornutus, Macropterus salmoides, Micropteris dolomieu,
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Morone chrysops, Notropis ludibundus, Noturus gyrinus, Perca
flavescens, Pimephales notatus, Pomoxis annularis, Pomoxis
nigromaculatus, Sander Canadensis, Sander vitreus

Lampsilis teres

Atractosteus spatula, Cyprinella venustus, Etheostoma jordani,
Lepisosteus osseus, Lepisosteus platostomus, Lepisosteus
platyrhincus, Lepomis auritus, Lepomis cyanellus, Lepomis gulosus,
Lepomis humilis, Lepomis macrochirus, Micropterus salmoides,
Perca flavescens, Pomoxis annularis, Pomoxis nigromaculatus,
Rutilus rutilus, Scaphirhynchus platorynchus

Leptodea fragilis

Lepomis cyanellus, Aplodinotus grunniens

Ligumia subrostrata

Lepomis gulosus, Lepomis macrochirus, Micropterus salmoides

Megalonaias nervosa

Alosa chrysochloris, Ameiurus melas, Ameiurus natalis, Ameiurus
nebulosus, Amia calva, Anguilla rostrata, Aplodinotus grunniens,
Carpiodes velifer, Dorosoma cepedianum, Fundulus catenatus,
Ictalurus punctatus, Lepisosteus osseus, Lepomis cyanellus, Lepomis
gulosus, Lepomis macrochirus, Lepomis megalotis, Micropterus
punctulatus, Micropterus salmoides, Morone chrysops, Notemigonus
crysoleucas, Noturus gyrinus, Perca flavescens, Percina caprodes,
Percina phoxocephala, Pomoxis annularis, Pomoxis
nigromaculatus, Pylodictis olivaris, Sander Canadensis,
Scaphirhynchus platorynchus, Campsotoma anomalum

Obliquaria reflexa

Ericymba buccata, Luxilus chrysocephalus, Rhinichthys cataractae

Potamilis purpuratus

Aplodinotus grunniens

Potamilus inflatus

Aplodinotus grunniens

Pyganodon grandis

Alosa chrysochloris, Ambloplites rupestris, Ameiurus natalis,
Aplodinotus grunniens, Campostoma anomalum, Carpiodes carpio,
Carrasius auratus, Catostomus commersoni, Cichlasoma
cyanoguttatum, Culaea inconstans, Cyprinus carpio, Dorosoma
cepedianum, Etheostoma caeruleum, Etheostoma exile, Etheostoma
nigrum, Fundulus chrysotus, Fundulus diaphanous, Labidesthes
sicculus, Lepisosteus osseus, Lepomis cyanellus, Lepomis gibbosus,
Lepomis humilis, Lepomis macrochirus, Lepomis megalotis, Luxilus
chrysocephalus, Luxilus cornutus, Lythrurus umbratilis, Margariscus
margarita, Micropterus salmoides, Morone chrysops, Neogobius
melanostomus, Notropis crysoleucas, Notropis heterodon, Notropis
heterolepis, Perca flavescens, Poecilia reticulate, Pomoxis annularis,
Pomoxis nigromaculatus, Rhinichthys atratulus, Rutilus rutilus,
Semotilus atromaculatus
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Quadrula nodulata

Quadrula nobilis

Quadrula refulgens
Strophitus subvexus

Ictalurus punctatus, Lepomis macrochirus, Micropterus salmoides,
Pomoxis annularis, Pomoxis nigromaculatus, Pylodictis olivaris
Ameiurus melas, Ameiurus natalis, Ameiurus nebulosus, Cypinella
spiloptera, Cyprinella galactura, Erimystax dissimilis, Erimystax
insignis, Etheostoma caeruleum, Hybopsis amblops, Ictalurus
punctatus, Lepomis cyanellus, Lepomis macrochirus, Lictalurus
furcatus, Luxilus chrysocephalus, Micropterus salmoides, Noturus
leptacanthis, Pimephales notatus, Pomoxis annularis, Pomoxis
nigromaculatus, Pylodictis olivaris, Rhinichthys atratulus, Sander
Canadensis, Scaphirhynchus platorynchus, Semotilus atromaculatus
Pylodictis olivaris
Campostoma oligolepis, Cyprinella callistia, Etheostoma douglasi,
Etheostoma whipplei, Fundulus olivaceus, Hypentelium etowanum,
Lepomis megalotis, Micropteris salmoides, Percina nigrofasciata,
Pomoxis sp., Semotilus atromaculatus

Utterbackia imbecilis

Lepomis macrochirus, Micropteris salmoides, Ictalurus punctatus,
Notemigonus crysoleucas

Tritogonia verrucosa

Ameiurus nebulosus, Ameiurus natalis, Pylodictis olivaris,

Villosa lienosa

Ameiurus nebulosus, Ictalurus punctatus, Lepomis cyanellus,
Lepomis humilis, Lepomis macrochirus, Lepomis megalotis,
Macropterus salmoides

Villosa vibex

Fundulus olivaceus, Lepomis cyanellus, Lepomis megalotis,
Micropterus coosae, Micropterus punctulatus, Micropterus salmoides
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APPENDIX 2: GROWTH CURVES

Appendix 2A. ). Logarithmic growth curves of the large river specialist species.
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Appendix 2B. Logarithmic growth curves of the large river specialist species.
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Appendix 2C. Logarithmic growth curves of the extra thin shell species.
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Appendix 2D. Logarithmic growth curves of the cosmopolitan species.
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